This study included eight bacterial isolates originating from the apple phyllosphere or soil environment that were previously selected using the pear fruitlet test (Mikiciński 2017). Identification of these isolates based on phenotypic assays and DNA analysis showed that five of them belonged to species for which an antagonistic activity against Erwinia amylovora and the protective capacity of apple and pear against fire blight were not previously demonstrated. These were L16 identified as Pseudomonas vancouverensis, 3 M as Pseudomonas chlororaphis subsp. aureofaciens, 35 M -Pseudomonas congelans, 43 M -Enterobacter ludwigii, and 59 M -Pseudomonas protegens. Investigation of the biotic relationships between the tested strains and E. amylovora showed that 3 M, 35 M and 59 M inhibited the growth of the pathogen on five out of six media used (NAS, KB, LB, R2A, NAG), but 43 M did not do so on any of these media. Strain L16 did not inhibit the growth of the pathogen on LB or R2A medium. In contrast, all strains grown on medium 925 stimulated the growth of the pathogen, which showed no growth without cocultivation with these strains. The experiments on apple trees and detached apple branches showed the ability of the tested bacteria to protect flowers at medium to high levels, depending on the experiment (55-93%). In some cases, this protection was even higher than that of the copper product used for comparison. In studies assessing the bacterial ability to protect shoots of M.26, the highest efficacy was observed for strains 35 M (96%) and 43 M (93%) but on 'Gala Must' all tested strains showed 100% of efficacy.
Introduction
Fire blight (Erwinia amylovora) is one of the most harmful diseases in apple and pear orchards and nurseries (Vanneste 2000) . Observations of its occurrence in Poland showed irregularity in terms of both its severity in regions where it has been recorded for years and its unexpected appearance in regions where it has never been detected. The flowering of host plants is the most endangered period because there may be a mass infection of flowers, resulting in disease epidemics (Thomson 2000) .
Protection of plants against fire blight includes the use of chemical, agrotechnical, biological, and quarantine methods (Psallidas and Tsiantos 2000; Steiner 2000) . Because none of these methods is fully effective, attention is paid to their proper integration (Steiner 2000; Norelli et al. 2003; Sobiczewski 2011) . In addition, due to the regulations enforced by the European Union related to the status of E. amylovora as a quarantine organism when it occurs on propagation material (Directive 2000/29/EC), appropriate procedures are needed to eliminate the disease and to prevent its spread. The basic element of fire blight integrated control programmes is inspection of the host plants. Infected parts, or even entire trees or shrubs, should be removed. Cutting tools should be disinfected, and wounds should be protected. In orchards and nurseries at risk of disease, tree growth should be maintained at a moderate level, making them less susceptible. It is also recommended to spray trees with copper compounds that are quite effective at prevention but do not cure plants that are already infected. Copper can also cause side effects in the form of leaf and fruit russets, especially for apple. Additionally, it is worth emphasizing that in the European Union, the use of copper in fruit crops is limited, among others due to its accumulation in the soil environment and unfavourable effects on its inhabiting organisms. In some countries (e.g., the USA, New Zealand, Israel, Canada, Mexico), treatments with antibiotics are recommended (Stockwell and Duffy 2012) . However, their use in plant protection within the European Union is prohibited (Fried et al. 2013) . To increase the resistance of trees, it is worth considering using prohexadione calcium-based products (Regalis, Apogee) (Norelli et al. 2003; McGrath et al. 2009; van der Zwet et al. 2012) . The main purpose of these products is to limit the growth of terminal shoots, but due to the induction of biosynthesis of luteoliflavan, a toxic substance for E. amylovora, the susceptibility of trees to the disease and its harmfulness are significantly reduced (Norelli et al. 2003; Sobiczewski and Bubán 2004) . In regions where fire blight is endemic, it is recommended to choose cultivars with higher resistance for new orchard establishment.
In recent years, interest in the search for new methods of disease control, including the use of biological agents, has increased. Based on bacteria antagonistic to E. amylovora, several preparations have been developed and introduced into practice: Bloomtime (Pantoea a g g l o m e r a n s E 3 2 5 , U S A ) , B l o s s o m B l e s s (P. agglomerans P10c, New Zealand), BlightBan C9-1 (P. vagans C9-1, USA), BlightBan A506 (Pseudomonas fluorescens A506, USA) and Serenade (Bacillus subtilis QST713, USA (Johnson and Stockwell 2000; van der Zwet et al. 2012; Roselló et al. 2013 ). These preparations are mainly used for apple and pear blossom protection and in programmes integrated with chemical products. Strategies that take into account the use of biological products assume their preventive use with a low or at most medium risk. They are also designated for organic orchards.
As a part of our previous research, we selected the novel strain 49 M of Pseudomonas graminis isolated from the phyllosphere of apple (Malus spp.) showing equal or even higher efficacy in the protection of apple blossoms and terminal shoots than that of the reference strains A506 of Pseudomonas fluorescens and C9-1 of Pantoea vagans, as well as the bioproducts BlightBan A506, Blossom Protect and Hortocyna 18 SP (streptomycin), used for comparison. When strain 49 M was introduced onto apple blossoms in orchards, it effectively colonized them during the entire bloom period, during which there were variable weather conditions, including rainfalls (Mikiciński et al. 2016) . Recently, Bahadou et al. (2018) reported new bacterial antagonists from the genera Alcaligenes, Serratia and Brevibacterium, found in Morocco. Research is being conducted to increase the effectiveness of selected strains as well as to find new strains with novel mechanisms of action and higher efficacy (Cabrefiga et al. 2011; Roselló et al. 2013) .
The purpose of the present work was to evaluate the efficacy of selected bacterial strains in the protection of apple blossoms and terminal shoots against fire blight and to identify these strains based on phenotypic characters and molecular methods.
Material and methods

Bacterial isolates/strains and inoculum preparation
Eight bacterial isolates highly effective in fire blight control, selected from the collection of 430 isolates based on the pear fruitlet test (Mikiciński 2017) , were used in the study. These isolates originated from both apple leaves (B90, 3 M, 35 M, 43 M, 48 M, 141 M) and the soil environment (59 M, L16). The following reference strains were included for comparisons: A506 (Pseudomonas fluorescens) and C9-1 (Pantoea vagans), which are active ingredients in biopreparations against fire blight. The strain Ea659 of E. amylovora, originally isolated from apple shoots in Poland, was used for all efficacy trials. All strains were routinely stored in a mixture of PBS buffer with 20% glycerol at −70°C. Bacteria were cultivated on NAS medium (nutrient agar 2.3%, sucrose 5%). After 24 h of incubation at 26°C, bacteria were washed from the medium with sterile distilled water. Their concentration was adjusted to 1.0 × 10 8 CFU ml −1 , except for strain Ea659, to 1.0 × 10 7 CFU ml −1 , using a spectrophotometer (Semco S91E, Germany) at 630 nm and a dilution plating method on NAS.
Identification of studied isolates
Phenotypic characterization
The selection of tests to determine the morphological, physiological and biochemical characteristics of the bacteria was made on the basis of the following manuals and keys: Lelliott and Stead (1987) , Schaad et al. (2001) and Janse (2005) . The following features were determined: colony morphology, Gram reaction (test with 3% KOH and staining), L-alanine aminopeptidase activity (Carlone et al. 1982) , cell morphology, spore formation, the presence of oxidase and catalase, oxidative/fermentative metabolism of glucose, determination of motility, the presence of fluorescent pigment, production of levan and dihydrolase from arginine, nitrate reduction to nitrite, starch hydrolysis, and the utilization of glucose, lactose, trehalose, raffinose, sucrose, mannitol, and sorbitol.
DNA-based identification
For the isolation of genomic DNA from bacteria, a single colony of the tested isolate growing on King B medium was transferred to an Eppendorf tube (2 ml) containing 0.5 ml of sterile distilled water (MilliQ). To release DNA from bacterial cells, the resulting suspension was boiled in a water bath for 10 min and then cooled and centrifuged. To carry out the amplification reaction, 50 μl of the reaction mixture was prepared with the following composition: 5.0 μl DNA; 5.0 μl dNTP (0.2 mM, Fermentas, Life Science, Lithuania); 3.0 μl of primer fD1 (10 nM); 3.0 μl rP2 primer (10 nM) (Weisburg et al. 1991; Drancourt et al. 1997) ; 5.0 μl buffer, 1 U polymerase (DreamTaq, ThermoScientific, Lithuania). The PCR was carried out in a thermocycler (T3000, Biometra, Germany) under the following conditions: initial denaturation 3 min at 94°C; 35 cycles at 94°C (1 min), 49°C (1 min) and 72°C (1 min and 30 s); and the final stage of extension 72°C for 10. The amplicon was separated by electrophoresis in a 1.5% agarose gel in 0.5 × TBE buffer. The gel was then stained in an ethidium bromide solution, and the obtained product was excised from the gel and purified using the DNA isolation kit (A&A Biotechnology, Poland) according to the manufacturer's instructions. The purified product was sequenced by a commercial service (Genomed SA, Warsaw, Poland). The sequences obtained were compared with the EzTaxon program (http://www.ezbiocloud.net/eztaxon) and the blast-n algorithm with sequences of reference strains from the GenBank database (http://www.ncbi.nlm.nih.gov).
Pathogenicity assays
Pear fruitlet test
The immature pear fruitlet assays of Sobiczewski and Millikan (1985) were modified to assess the pathogenicity of the studied strains. Fruitlet slices of cv. Conference approx. 6-8 mm thick were immersed briefly in their water suspension at 1.0 × 10 8 CFU ml −1 , laid out on moist filter paper in Petri plates and incubated for 7 days at 26°C, observing the occurrence of possible disease symptoms.
Hypersensitivity test on tobacco
Suspensions of tested isolates in sterile distilled water (10 7 CFU ml −1 ) obtained after washing out the bacteria from King B medium after 24 h of incubation were introduced into the mesophyll of the tobacco leaf cv. Samsun with a medical syringe. The reaction was observed after 18-24 h (Schaad et al. 2001) .
Test on apple blossoms
The test was conducted in a greenhouse on one-year-old apple trees of the Idared cultivar at full blooming, planted in pots. Suspensions of the tested strains at 1.0 × 10 8 CFU ml −1 were applied to the blossoms using the hand sprayer. After treatment, the trees were covered for 24 h with plastic bags to prevent the bacteria from drying out. Observations and evaluation of the occurrence of disease symptoms were carried out for a period of 7 days. For comparison, strain Ea659 was used.
Pectolytic activity on potato tuber tissue and CVP medium
Potato tubers were washed in tap water, surface sterilized in 70% ethanol and rinsed several times in sterile distilled water. On the surface of tuber slices with a thickness of approx. 10 mm placed on a wet filter paper in Petri plates, the bacterial suspensions of tested strains at 1.0 × 10 8 CFU ml −1 were applied. The slices were incubated for 7 days at 26°C, and disease changes were observed (Mikiciński et al. 2016) . For comparison, strain 853 (Pectobacterium carotovorum subsp. carotovorum) deposited in the collection of bacterial isolates of the Department of Phytopathology RIH, causing strong softening and decay of potato tissues 24 h after application, was used.
The CVP medium was prepared according to the methodology described by Schaad et al. (2001) . The tested bacteria were seeded on medium surface and incubated at 27°C for 2-4 days. The appearance of characteristic pits around colonies indicated positive results.
Commercial products and preparation of working liquids
The following commercial products were used for comparison: Miedzian 50 WP (50% copper oxychloride), registered in Poland for control of fire blight, and BlightBan A506 (A506 lyophilisate). Miedzian 50 WP was tested at concentrations of 0.15% and 0.3%, which corresponded to the doses recommended for the use in practice, i.e., 1.5 kg and 3.0 kg per hectare, respectively. Its working liquids were prepared by mixing the preparation with distilled water. The working liquid of BlightBan A506 was prepared as recommended by the manufacturer: 10 g of lyophilisate was dissolved in 1000 ml of sterile distilled water (10 7 CFU ml −1 ). Both products were applied on blossoms and/or on terminal shoots using a hand sprayer.
The biotic relation between tested isolates and E. amylovora
The tests were carried out on the following media: NAS, King B, LB (tryptone 1%, NaCl 1%, yeast extract 0.5%, agar 2%), R2A (yeast extract 0.05%, peptone 0.05%, casein hydrolysate 0.05%, starch 0.05%, glucose 0.05%, K 2 HPO 4 0.03%, MgSO 4 x H 2 O 0.03%, NaCl 0.03%, agar 1.5%) (Reasoner and Geldreich 1985) , NAG (nutrient agar 2.3%, glycerol 16 ml) and 925 (glucose 0.5%, K 2 HPO 4 0.3%, NaH 2 PO 4 0.1% NH 4 Cl 0.1%, MgSO 4 x H 2 O 0.03%, agar 1.5%) (Kado 1979) . Bacteria were spot seeded on the appropriate medium in the centre of Petri plates. After 3 days of incubation at 26°C, the bacteria were killed in chloroform vapor, and then the surface of the media was flooded with 4 ml of cooled soft agar with the addition of 100 μl of Ea659 suspension (10 8 CFU ml −1 ). Inhibition zones of pathogen growth were measured after 24 and 48 h incubation at 26°C. An exception was the medium 925 on which observation was performed also after 72 h. Each strain was tested in 6 replicates.
Efficacy of fire blight control by tested isolates on apple blossoms and terminal shoots
Experiments on blossoms
The study was carried out in a greenhouse on one-yearold apple trees cv. Idared planted in pots and on detached apple branches of cultivars Idared, Linda and Jonagored. The branches were cut from trees growing in commercial orchards not protected with copper products. Their base was immersed in tap water in glass jars, which were then placed in a greenhouse on a table with a special frame covered with foil, forming a kind of tent. By the continuous wetting of the surface of the table lined with an infiltration mat, the humidity was maintained at 90 to 100%. The temperature in the greenhouse was 20-24°C.
Protective sprayings of trees and detached branches with suspensions of the tested strains, bio-preparation BlightBan A506 and copper product Miedzian 50 WP were performed once at full bloom. After 24 h, they were inoculated by spraying with E. amylovora suspension of strain Ea659 at 1.0 × 10 7 CFU ml −1 . The control combination constituted spraying with sterile distilled water at the same time as protective sprayings and after 24 h inoculations were made. Next, all trees were covered with plastic bags for 24 h.
Each combination, on both trees and branches, consisted of 160 flowers (four replicates of 40 flowers on 5-10 trees or 4-10 branches). The degree of blossom infection was assessed using the Pusey (1999) 5-point scale with slight modification: 0 -no visible symptoms of the disease, 1 -symptoms on the flower and/or flower bed, 2 -symptoms including the whole ovary, 3 -symptoms reaching at least half of the flower stalk, and 4symptoms covering the whole flower together with the flower stalk. The assessment was carried out from 5 to 9 days after inoculation. The effectiveness of each bacterial strain and commercial products was determined on the last day of evaluation.
Experiments on terminal shoots of apple trees
The study was carried out in a greenhouse on oneyear-old apple trees of susceptible to fire blight cultivar Gala Must and M.26 apple rootstock, planted in pots. The tips of the 30-40 cm actively growing shoots were cut with sterile scissors under the first developed leaf. The suspension of tested strains and commercial products was immediately applied to the wound surface using a hand sprayer, after which the shoots were covered with plastic bags. Inoculations by spraying with E. amylovora suspension of strain Ea659 at 1.0 × 10 7 CFU ml −1 were made after 24 h. The control combination consisted of trees whose wounded shoots were sprayed with sterile distilled water. After inoculation, all shoots were covered with bags for 24 h. Each combination consisted of 20 trees (four replicates with five trees, 10 shoots per replicate). At each assessment date (7, 10, and 17 days after inoculationexperiment 1; or 12, 18, and 26experiment 2), the percentage of shoot infestation was determined by comparing the length of the diseased part of the shoot to its total length (Sobiczewski et al. 2015) .
Statistical analyses
The homoscedasticity assumption of the data was evaluated by Levene's test. The results were elaborated using ANOVA on non-transformed data. For comparison of means, the Newman-Keuls test was used. In case of analysis of fire blight severity on M26 and Gala Must/M.26 shoots nonparametric Kruskal-Walils ANOVA was used and the treatments were compared with Dunn test. All calculations were done using STATISTICA v.13 software package (Dell Inc. 2016) at p = 0.05.
Results
Identification of tested bacteria
Identification of all tested isolates showed that they were Gram-negative motile rods that did not have the ability to form spores but produced catalase and had the ability to use glucose and mannitol as a carbon source (Table 1) . Isolates B90, 43 M, 48 M and 141 M metabolized glucose under both aerobic and anaerobic conditions. The remaining isolates showed only oxidative metabolism (Table 1) (Table 2) . The identification carried out authorized the change in the status of the tested bacteria from isolate to strain. Analyses for three isolates showed 100% similarity to the reference strains, four over 99% and one over 98% (Table 2 ). In almost all cases, the result of DNA analysis confirmed the result of the identification of tested isolates on the basis of phenotypic characteristics with regard to their belonging to the genus ( Table 2) .
The tobacco hypersensitivity test showed that only the 35 M strain caused characteristic necrosis between leaf veins. This strain was also the cause of very small brown spots on the bottom of apple blossoms and on slices of pear fruitlets. None of the tested strains caused soft rot decay of potato tubers and did not create characteristic pits around colonies on CVP medium, which indicates a lack of pectinolytic activity. '2' - Lindow, 1985 Antagonistic activity
A study on the biotic relationships between the tested strains and E. amylovora showed that B90, 43 M, 48 M and 141 M did not show the ability to inhibit the growth of the pathogen on any of the six media used (Table 3) . Strain L16 did not inhibit the growth of this bacterium on LB and R2A media. Only strains 3 M, 35 M and 59 M formed inhibition zones with a width of 1.0 to 15.5 mm on all media except 925, on which all strains stimulated the growth of the pathogen, clearly visible after 72 h ( Fig. 1) . It is worth noting that E. amylovora did not grow on this medium without co-cultivation with the tested bacteria The C9-1 and A506 reference strains formed inhibition zones on R2A and NAG media, and the A506 strain did so on King B. In most cases, E. amylovora inhibition zones observed after 24 h of coculture with potential antagonists decreased or disappeared completely after the next 24 h.
Efficacy
The assessments of the efficacy of the tested bacteria and products showed their protective ability against fire blight, which was indicated by a significantly lower degree of apple blossoms and terminal shoot In experiments 1 and 2 performed on young apple trees, no significant differences in the degree of blossom infection treated with both the tested and the reference strains (A506 and C9-1) or with Blossom Blight A506 were found (Table 4 ). Evaluation carried out 9 days after inoculation showed the highest efficacy (70% or more) of strains 35 M, 48 M and C9-1. Strains 141 M, 59 M, A506, and C9-1 showed an efficiency ranging from 84 to 93% (Table 4 ). Both experiments were carried out on potted apple trees, BB A506: BlightBan A506; M -Miedzian 50 WP; concentrations of bacterial suspensions of all strains 10 8 CFU ml −1 ; '1'infection rating scale: 0 -no symptoms, 4 -total necrosis flower; nt: not tested; statistical analysis was performed separately for each term; means with the same letters are not significantly different at P < 0.05 according to Newman-Keuls test (means ± SE), data in brackets show the efficacy in % (degree of blossom infection treated with suspensions of the bacteria or commercial product in relation to control); nt: not tested Also in experiments performed on detached apple branches, a significantly lower degree of apple blossom infection after protective use of the tested bacteria and products in comparison to the control was found (Table 5 ). In experiment 1, observations made 6 days after inoculation showed no significant differences in the degree of infection of blossoms protectively treated with bacteria and the copper product at a concentration of 0.15%. Observations made 3 days later showed a similar tendency, although the efficacy of the tested strains decreased. The highest efficiency showed strains C9-1 (77%) and 48 M (72%), and the lowest -3 M (62%). Of the tested products, the lowest efficacy was with the product BlightBan A506 (32%) ( Table 5 ). The results of observations made 6 days after inoculation in experiment 2 showed the lowest degree of blossom infection after application of strain L16. However, the assessment after 9 days of inoculation did not reveal any significant differences in the degree of infection of blossoms treated with all bacterial strains. It should be emphasized that all strains proved to be more effective than the copper product at both doses. Strain L16 appeared to be the most effective one.. Also the evaluation made 7 days after inoculation in experiment 3 showed that all the tested bacteria better protected the blossoms than copper product at a concentration of 0.15%. On the other hand, observations made 2 days later showed a similar degree of blossom infection after the protective use of all bacteria and copper product at both concentrations. The highest efficiency was found with strain 48 M and the copper product at a concentration of 0.3%.
Observations carried out 7, 10 and 17 days after inoculation with M.26 rootstock showed significantly lower infection of shoots protected with almost all tested bacteria compared to the control (Table 6 ). In all terms of evaluation, the highest efficacy in reducing the severity of the disease showed strains 35 M and 43 M whereas the poorest protective abilities were observed after using the L16 strain and BlightBan A 506.. Experiment on Gala Must cv. revealed very high protective abilities of all tested bacteria on the shoots, as the effectiveness in all three assessment terms was 100% (Table 6 ). Three independent experiments carried out on detached apple branches, BB A506: BlightBan A506; M -Miedzian 50 WP; concentrations of bacterial suspensions of all strains 10 8 CFU ml −1 ; '1'infection rating scale: 0 -no symptoms, 4 -total necrosis flower; nt: not tested; statistical analysis was performed separately for each term; means with the same letters are not significantly different at p = 0.05 according to Newman-Keuls test (means ± SE), data in brackets show the efficacy in % (degree of blossom infection treated with suspensions of the bacteria or commercial product in relation to control); nt: not tested
Discussion
The identification of tested bacterial isolates showed that five of them (L16 identified as Pseudomonas vancouverensis, 3 M as Pseudomonas chlororaphis subsp. aureofaciens, 35 M -Pseudomonas congelans, 43 M -Enterobacter ludwigii, 59 M -Pseudomonas protegens) belonged to species in which an antagonistic activity to Erwinia amylovora and a protective capacity of apple and pear against fire blight were not previously demonstrated. Bacteria of the species Pseudomonas chlororaphis were first isolated in the USA from soil on which wheat was grown for over 20 years (Weller and Cook 1983) . It was proven that P. chlororaphis strains were capable of producing antibiotics mainly from the group of phenazines or pyoverdines, as well as a siderophore with fungal and/or bacterial pathogen suppression (Johnsson et al. 1998; Liu et al. 2007; Weller 2007; Beneduzi et al. 2012) . Strain PA23 of this species protected canola (Brassica napus) from the necrotrophic fungus Sclerotinia sclerotiorum via direct antagonism (Duke et al. 2017 ) and hot pepper (Capsicum annum L.) from Pythium aphanidermatum. It also increased the growth of this plant seedlings in greenhouse vegetable production systems (Nakkeeran et al. 2006) . Moreover, the strain O6 of P. chlororaphis, isolated from the roots of dryland, field-grown commercial wheat, enhances plant health and therefore it is used in agriculture as a biofertilizer and biocontrol agent (Anderson et al. 2017 ). On the other hand strain SR1 of P. chlororaphis subsp. aurantiaca has been shown to be a plant growth promoter for various crops, such as alfalfa, wheat, soybean, maize, carob, sugar cane, as well as being efficient in promoting germination and obtaining vigorous and healthy seedlings. It is currently marketed as PSA liquid from BIAGRO-BAYER Laboratory (Rosas 2017). The first described strain of Pseudomonas vancouverensis was obtained from forest soil in Vancouver, Canada (Mohn et al. 1999) . In later years, a strain of this species was isolated from the garlic rhizosphere (Mishra et al. 2008) . Its fungistatic activity against Rhizoctonia solani, Fusarium oxysporum and Pythium sp. has been proven in vitro, as has its ability to biosynthesize siderophores and hydrogen cyanide (HCN). In addition, it was shown that after wheat seeds (92) 0.0 ± 0.00b 0.0 ± 0.00b 0.0 ± 0.00b (100) 59 M nt nt nt 0.0 ± 0.00b 0.0 ± 0.00b 0.0 ± 0.00b (100) 141 M nt nt nt 0.0 ± 0.00b 0.0 ± 0.00b 0.0 ± 0.00b (100) A 506 nt nt nt 0.0 ± 0.00b 0.0 ± 0.00b 0.0 ± 0.00b (100) C9-1 nt nt nt 0.0 ± 0.00b 0.0 ± 0.00b 0.0 ± 0.00b (100) BB A506 6.0 ± 0.66a 9.1 ± 1.27ab 16.8 ± 1.50ab (55) nt nt nt
The experiments were carried out on apple trees in a greenhouse. BB A506: BlightBan A506; concentrations of bacterial suspensions of all isolates and strains 10 8 CFU ml −1 ; *shoots were inoculated with E. amylovora 6 h (M26) or 24 h (Gala Must) after treatment with tested bacteria; '1' percentage of shoots infestation: the length of the shoot's necrosis in relation to its total length; data in brackets show the efficacy in % (percentage of shoots infestation treated with the respective bacteria in comparison to control); statistical analysis was performed separately for each term; data concerning severity in columns followed by the same letter do not differ significantly according to Dunn test at p = 0.05 had been spiked with P. vancouverensis, the germination force was increased, as was the size of the root system or plant height (Mishra et al. 2008 ). Bacteria of the species Pseudomonas congelans include a fluorescent Pseudomonads originally obtained from grass phyllosphere (Behrendt et al. 2003) . Their close relationship with P. syringae is shown. However, there is generally no information on the potential pathogenicity of these bacteria to plants. The exception is the report on the isolation from diseased leaves and shoots of oranges of bacteria closely related to P. congelans (Beiki et al. 2016) .
In turn, bacteria Pseudomonas protegens were isolated from tobacco, cotton and wheat on various continents. The authors of the study drew attention to the fact that this new species clustered separately from the species P. syringae, P. fluorescens and P. chlororaphis and additionally possessed phl and plt genes responsible for the biosynthesis of 2,4-diacetylphloroglucinol and pyoluteorin (Ramette et al. 2011) . Recently strain MP12 of P. protegans was isolated from a soil sample collected in a typical warm-temperate deciduous forest near Brescia, Northern Italy (Andreolli et al. 2019) . It exhibited inhibitory effects on in vitro mycelial growth of grapevine (Vitis vinifera) pathogens such as Botrytis cinerea, Alternaria alternata, Aspergillus niger, Penicillium expansum and Neofusicoccum parvum. The strain showed also activity against Phaeomoniella chlamydospora and Phaeoacremonium aleophilum, which cause very severe disease of grapevine trunks. Furthermore, MP12 strain manifested antagonism against B. cinerea on grapevine leaves which suggests that it could be useful as biocontrol agent for applications in viticulture. Abdelwahab et al. (2016) also isolated from agricultural land strain RhiNA with high antagonistic activity against B. cinerea, Mucor sp., A. niger and A. flavus and high efficacy against gray mold (B. cinerea) on apple fruits. It is noteworthy to mention the genetic modification of the Pf-5 strain of P. protegans with a genomic island (X940) encoding nitrogen fixation. Inoculation of maize and wheat with Pf-5 X940 largely improved nitrogen content and biomass accumulation in vegetative and reproductive tissues, and this beneficial effect was positively associated with high nitrogen fixation rates in roots (Fox et al. 2016) .
The Enterobacter ludwigii reference strain was isolated in clinical conditions from a patient with inflammation of the urinary tract (Hoffmann et al. 2005) .
However, there are reports on the BNM 0357 strain of this species, obtained from the rhizosphere of perennial ryegrass (Lolium perenne) and showing the characteristics of stimulating the growth and yield of various plants (PGPR, Shoebitz et al. 2009 ). In this strain, nitrogenase activity, as well as the ability to produce auxins and fungal growth limiting Fusarium solani, has been demonstrated. Gopalakrishnan et al. (2016) selected strains SRI-211 and SRI-229 of E. ludwigii showing ability to control charcoal rot disease in sorghum and plant growth-promotion in rice. When treated on seed, those strains significantly enhanced the shoot height and root length of both plant species over the un-inoculated control. Under field conditions, in both chickpea and pigeon pea, the plots inoculated with test bacteria enhanced the nodule number, nodule weight, root and shoot weights, pod number, pod weight, leaf weight, leaf area and grain yield over the un-inoculated control plots.
The other tested strains represented species known for activity against fire blight and were even active components of bio-preparations: B90 and 48 M (Pantoea agglomerans) and 141 M (Erwinia billingiae).
All bacterial strains used in this study, were preselected on the basis of the pear fruitlet test, which showed their high efficacy against fire blight (Mikiciński 2017) . Although this test does not have a universal character, it is now considered a useful tool for a preliminary assessment of the protective action of bacteria against fire blight. However, for the initial selection of E. amylovora antagonists, many researchers used the test on agar-solidified media, and the criterion of selection was the size of the pathogen growth inhibition zone (van der Zwet et al. 2012) . The results of our research indicate that after adopting a similar pattern, the strains showing satisfactory protective activity on apple blossoms and shoots could be overlooked. The in vitro test showed that, for example, strains B90, 43 M, 48 M and 141 M did not inhibit the growth of the pathogen on agar media but appeared to be effective in protecting apple blossoms and terminal shoots. On the other hand, strains 3 M, 35 M and 59 M inhibited E. amylovora growth on these media, with 59 M producing the most extensive zones on some of them. They were also effective in protecting blossoms and shoots. In search of useful isolates for disease control on pear, Aysan et al. (1999) also used an agar nutrient test, demonstrating that selected isolates were satisfactorily effective in protecting this species blossoms (52-60%).
Additionally, Wilson et al. (1990) , immediately after screening the pool of Erwinia herbicola isolates using an in vitro test, assessed the protective efficacy of the most active isolates on the blossoms and hawthorn shoots, stating very high efficacy (80%) of one of the selected isolates. It is worth noting the results of our study showing that the in vitro test can reveal the properties of inhibiting the growth of a pathogen by a given strain on one medium but stimulating its growth on another (e.g., medium 925). This indicates that medium composition determines the antagonistic activity of bacteria. The in vitro test can therefore be useful to study the potential biotic relationships between bacteria in the model system, but for screening them for use in biological control, it is better to apply selected plant organs, such as pear fruitlets. Notably, McLaughlin and Roberts (1993) distinguished among the approximately 400 tested bacterial isolates by screening pear fruitlet slices for a group of satisfactorily effective isolates for the protection of pear blossoms. Thus, Ülke and ınar (1999) and Gerami et al. (2013) concluded that in addition to the compatibility with the efficacy of selected bacterial isolates by different methods, a clear lack of a relationship between antagonistic activity on artificial media and protective activity on blossoms or shoots of E. amylovora host plants was found. In this context, it is worth emphasizing the opinion of Lindow (1988) that the in vitro test is not credible enough to select potential antagonists. Beer et al. (1984) noted that bacteria suppressing the growth of E. amylovora in vitro are often not able to activate this mechanism in planta. It should be assumed that the rich composition of microbiological media, which were often used by various researchers, could mobilize bacteria to produce substances toxic to E. amylovora, while in their natural environment, these bacteria may simply not have substrates for their production.
In all experiments of our own studies on apple 'Idared' trees, the protective abilities of the tested bacteria (two strains of Pantoea agglomerans and one strain each of the species Enterobacter ludwigii, Erwinia billingiae, Pseudomonas vancouverensis, P. chlororaphis subsp. aureofaciens, P. congelans, and P. protegens) on blossoms were at the level of medium to high depending on the experiment (55-93%, according to assessment 9 days after inoculation), and they did not differ significantly among themselves in individual experiment. Additionally, experiments on detached apple branches of the cvs. Linda and Jonagored confirmed the satisfactory efficacy of the tested strains, which was similar to or even higher than that of the copper product used for comparison. Due to the quarantine status of E. amylovora, all experiments were carried out in greenhouse conditions, i.e., high air humidity, close to optimal temperature and a high concentration of the pathogen inoculum. In turn, Kearns and Hale (1993) showed the high efficacy of P. agglomerans strain Eh1087 in protecting blossoms on apple trees in a greenhouse if the treatment was performed immediately after blossom development or mid-flowering; the efficacy ranged from 70 to 80%. However, the efficacy of the treatment at the end of flowering was lower and amounted to only 36%. Noteworthy is relatively low levels of disease severity in some of our assays, especially those in flowers from detached apple branches. One of the reasons could be different age of flowers at the time of inoculation (full bloom) and the inoculation method used, i.e. spraying and not introducing the exact amount of inoculum on each flower. The results of detailed experiments carried out by Gouk and Thomson (1999) and Pusey and Smith (2008) seem to explain the reason for this phenomenon. It was found that the blossoms are most susceptible to infection up to 3 days old. Pusey and Smith (2008) conducted experiments in field conditions in which they inoculated apple blossoms at different times from the opening of the bud and found that the percentage of their infection decreased with age. Taylor et al. (2003) detected disease symptoms only when total levels of E. amylovora per apple blossom exceeded 10 6 CFU within 4 days after budburst. It seems that in our case the number of bacteria introduced on particular flower was smaller. It is also possible that because the branches came from the orchard, the flowers may have been colonized by other bacteria that may have limited the survival of E. amylovora. The study of Pusey et al. (2009) provided detailed information about the colonization, growth, and identity of culturable, indigenous bacteria and yeasts on apple blossoms and found that among numerous isolates representing most of the taxa identified the antagonists to E. amylovora were present. The susceptibility of blossoms may also be related to their anatomical structure. Experiments show that larger cells of nectaries are less susceptible to fire blight than are the smaller cells (Farkas et al. 2006) .
Among the other bacterial species studied, Erwinia billingiae strains Eb660 and Eb661 revealed high abilities to protect against fire blight in pear fruitlets and apple blossoms (Jakovljevic et al. 2006 ). Bacteria of this species were first described in 1999 by Belgian researchers (Mergaert et al. 1999 ) who included in their taxonomic studies strains previously obtained by Billing and Baker (1963) . Before reclassification to E. billingiae, the phenotypic characteristics of these strains allowed classification into the species Erwinia herbicola (syn. Pantoea agglomerans). In the present study, in the group of bacteria showing medium to high efficacy (from 55 to 88%), there was also strain 43 M (Enterobacter ludwigii), whose characteristic feature was the lack of ability to biosynthesize yellow pigment. Strains belonging to the same species and having the same phenotypic traits were also isolated from hawthorn flowers and leaves (Wilson et al. 1990) .
In studies assessing the bacterial ability to protect apple shoots on M.26 rootstock, the highest efficacy was observed for Pseudomonas congelans (35 M, efficacy 96%), Enterobacter ludwigii (43 Mefficacy 93%) and P. agglomerans (48 M -92%). In this experiment, relatively low efficacy (55%) was demonstrated by the BlightBan A506 biopreparation. This could be due to the lower concentration of the active agent in its working liquid compared to the aqueous suspensions of the test bacteria. Preparing the BlightBan A506 suspension according to the working instructions resulted in a concentration of 10 7 CFU ml −1 (Stockwell and Stack 2007) , while it should be noted that the aqueous suspensions of the tested strains had a concentration of 10 8 CFU ml −1 . Additionally, the date of application 6 h before infection was not 'beneficial' for this treatment because Wilson and Lindow (1993) proved that A506 is the most effective after application 72 h before inoculation and the main mechanism of its competition for the place. In addition, Vanneste et al. (2006) found that the bacterial population of this strain is drastically reduced after 7 h of application on some apple organ surfaces, e.g., flowers. In experiments on the 'Gala Must' trees, this interval was extended from preventive treatment to 24 h, which resulted in increased efficacy not only for A506 but also for all tested strains. All strains assessed showed 100% efficacy. A similar relationship was observed by Ülke and ınar 1999, who carried out an assessment of the efficacy of P. agglomerans on pear shoots. Extending the interval between treatments resulted in a significant increase in the effectiveness of protective bacteria.
In the literature, however, there are only few reports devoted to assessing the protective capacity of bacteria on apple shoots, carried out according to the method used in our studies, i.e., cutting off the tips of shoots and then applying to the wound of the test bacteria and inoculation with the pathogen. Similar research has been performed, including by Galasso et al. (2002) , who estimated protective capacities of two strains belonging to the genus Pseudomonas on the leaves of actively growing apple shoots in greenhouse conditions. The experiment was performed in such a way that the shoots were first sprayed with suspensions of the test bacteria, and after 24 h, the top leaves were wounded and inoculated with E. amylovora suspension. The efficacy of bacteria was characterized by high variability ranging from 40 to 87%. Similar experiments were also carried out by Spanish researchers who, in controlled conditions, injured the main veins of apple leaves, protectively treated them with test bacteria and then inoculated them with E. amylovora. The EPS62e P. fluorescens isolate showed high efficiency (90%), and Lactobacillus plantarum isolates protected 28% to 68% of leaves (Roselló et al. 2013 ).
On the other hand, Hungarian researchers comprehensively studied the P. agglomerans strain HIP32 (Hevesi et al. 2006) in greenhouse conditions (Hevesi et al. 2006) . The experiment consisted of introducing on the leaves of six apple cultivars first to an aqueous suspension of this strain and then to a suspension of E. amylovora or vice versa. The efficacy of the test bacteria in the first variant was from 66 to 98%, while where the pathogen was first applied, it ranged from 34 to 51%. Wilson et al. (1990) also conducted studies on hawthorn shoots with bacteria of the species P. agglomerans and P. syringae. Actively growing shoots, however, were not injured, and suspensions of both antagonistic bacteria and the pathogen were applied in the form of spraying. The authors noted high efficacy of all tested strains protecting hawthorn, to the same extent as streptomycin used for comparison.
In conclusion, our research showed the presence on apple leaves and in soil environments of bacteria belonging to the species for which biocontrol activity against fire blight is recognized for the first time. Until now in the studies of other authors such activity by representative strains of those species has been found only against plant diseases caused by fungi. One of the important challenges for commercialization of the biological method is variability in the efficacy of the control. It can be related to the environmental conditions and pathogen inoculum potential present in particular biotop. Also the formulation of biocontrol agent, method and term of its application can be crucial. We believe that the future of the biological method lies in the development of a strategy for its integration with other currently available methods. The suitability of biopreparations is primarily seen at low or at most medium risk of disease and in crops cultivated within an ecological system. Some of the selected strains, e.g. 43 M, 59 M, have a perspective of practical application, but more research, e.g. ecological, biotechnological, would be needed.
